Introduction
============

A chronic excessive intake of fat is associated with its accumulation in various tissues. For instance, this process does not only occur in adipose tissues, but also in the liver, skeletal muscle and other non-adipose tissues, leading to the development of obesity and insulin resistance ([@b1-mmr-22-04-2932],[@b2-mmr-22-04-2932]). Exercise improves insulin resistance by reducing obesity-induced fat accumulation in adipose tissues and ectopic deposition of fat in the liver ([@b3-mmr-22-04-2932],[@b4-mmr-22-04-2932]). Moreover, it has been reported that mTOR serves an important role in the development of insulin resistance induced by obesity ([@b5-mmr-22-04-2932]). mTOR is a highly conserved serine/threonine kinase, which includes two functionally distinct multiprotein complexes, known as the rapamycin-sensitive mTOR complex 1 (mTORC1) and rapamycin-insensitive mTOR complex 2 (mTORC2) ([@b5-mmr-22-04-2932]). mTORC1 leads to feedback suppression of the insulin signals and of its substrate ribosomal protein S6 kinase 1 (S6K1). Furthermore, high-fat diet (HFD)-induced obesity constitutively activates mTORC1 signaling pathways in the liver, leading to cellular damage, while exercise markedly lowers the increased activities of mTORC1 signaling in the liver caused by HFD ([@b6-mmr-22-04-2932]--[@b8-mmr-22-04-2932]). The mTORC1 inhibitor rapamycin, which is used as a potent immunosuppressant in patients with organ transplants, has been considered for the treatment of metabolic disorders ([@b9-mmr-22-04-2932]). However, the precise mechanisms underlying the improvement of insulin resistance induced by exercise and the maintenance of hepatic lipid homeostasis in HFD remain unknown.

mTORC1 is an important sensor that allows cells and tissues to adapt to their metabolism in response to nutritional stimuli ([@b10-mmr-22-04-2932]). It has been shown that nuclear transcription factors, including peroxisome proliferator-activated receptor γ coactivator 1 (PGC-1), peroxisome proliferator-activated receptors (PPARs), sterol regulatory element binding protein-1c (SREBP-1c) and carbohydrate-response element-binding protein (ChREBP), are critical to the regulation of liver glucose and lipid metabolism gene expression, which in turn affects the activity of the enzymes involved in fatty acid metabolism ([@b11-mmr-22-04-2932],[@b12-mmr-22-04-2932]). mTORC1 has been identified as a positive regulator of hepatic triglyceride synthesis and a negative regulator of the expression levels of hepatic PGC-1α, PPARα and its target genes, such as carnitine palmitoyl transferase-1 (CPT1) and pyruvate dehydrogenase kinase 4 (PDK4) ([@b13-mmr-22-04-2932],[@b14-mmr-22-04-2932]). Exercise can promote glucose and lipid homeostasis, as well as improve glucose tolerance and insulin intolerance ([@b15-mmr-22-04-2932]). Chronic administration of rapamycin may led to dysregulated lipid and glucose metabolism, causing a reduction of fat mass and the aggravation of glucose intolerance ([@b16-mmr-22-04-2932]). Previous studies have investigated the changes noted in hepatic lipid and glucose metabolism in response to mTOR activation or inactivation based on liver-specific knockout models of phosphatase and tensin homolog, Tuberous Sclerosis Complex-1 (Tsc1), mTORC1 component and rapamycin administration in different contexts ([@b17-mmr-22-04-2932]--[@b19-mmr-22-04-2932]). For example, the liver-specific deletion of DEP domain containing mTOR-interacting protein increased the activity of mTORC1, thereby promoting oxidative metabolism and reducing circulating glucose levels in fasting mice, which were corrected by rapamycin ([@b17-mmr-22-04-2932]). In addition, the activation of mTORC1 induced by the loss of hepatic Tsc1, suppressed gluconeogenesis and tricarboxylic acid cycle oxidation ([@b18-mmr-22-04-2932]).

In the present study, biochemical, molecular biological and histological methods were used to investigate the effects of rapamycin on the exercise-induced changes caused in genes associated with energy metabolism in the liver of HFD rats.

Materials and methods
=====================

### Experimental animals

A total of 30 male Sprague-Dawley rats (weight, 150--180 g; age, 5--6 weeks) were purchased from Guangdong Province Experimental Animal Center. All the experimental procedures were approved by the Institutional Animal Care and Use Committee of the Guangzhou Sport University. All rats were raised in specific pathogen free animal laboratory of Guangzhou Institute of Sports Science. Rats were housed under standardized conditions with stable temperature (22--25°C) and humidity (60±5%), a controlled light/dark cycle (light: 06:00-18:00; dark: 18:00-06:00) and free access to water and food. After 1 week of adaptation maintenance, rats were randomized into normal group (N; n=6) fed chow diet and HFD group (n=24) fed HFD (20% carbohydrate, 59% fat, 21% protein) ([@b20-mmr-22-04-2932]) for 6 weeks.

At week 7, HFD rats were given an adaptive exercise training by running on a motor-driven rodent treadmill (tail electro-stimulation) for 15 min per day for 4 days at a speed of 15 m/min (0° incline), then randomly subdivided into the following groups (n=6 rats/group): i) HFD rats with sedentary (H group); ii) HFD rats with exercise (HE group); iii) HFD rats with rapamycin (HR group); and iv) HFD rats with exercise and rapamycin (HER group).

### Exercise program and treatment

From weeks 8--11, the rats in the HE and HER groups were running on a treadmill for 20--40 min once a day, 5 days per week. The exercise volume consisted of 20--23 m/min (20--30 min) at 0% slope on week 1, 23--25 m/min (30--40 min) at 0% slope on week 2 and 25 m/min (40 min) at 0% slope on weeks 3--4. From the 10th week, the rats in the HR and HER groups received intraperitoneal (IP) injection of rapamycin (2 mg/kg daily; Sigma-Aldrich; Merck KGaA) at an exercising day (1 h prior exercise) for 2 weeks (5 days/week). In the last 2 days of the 11th week, the Glucose Tolerance Test (GTT) and the Insulin Tolerance Test (ITT) were performed. GTT was performed by IP injection of glucose (2 g/kg body weight; Sigma-Aldrich; Merck KGaA) following fasting for 16 h. Blood glucose was measured at 0, 30, 60 and 120 min in 10--20 µl blood obtained via tail nicking using the GLUCO^™^ CardII glucometer (GT-1640). Similarly, ITT was performed via IP injection of regular insulin (0.75 U/kg; Novo Nordisk) followed by glucose measurements at 0, 15, 30 and 60 min.

At the end of the 11th week, all animals were fasted for 12--16 h and subsequently anesthetized with pentobarbital sodium (50 mg/kg) via IP injection. After rats were deeply anesthetized, 4--6 ml arterial blood from the abdominal aorta was collected and the plasma was immediately separated using centrifugation (1,000 × g for 10 min at room temperature) and stored at −80°C for biochemical analysis. Then, rats were euthanatized via cervical dislocation. The liver tissues were quickly excised and fixed with 4% paraformaldehyde at room temperature for 48 h or frozen in liquid nitrogen and subsequently stored at −80°C for further analysis. Visceral fat weight was removed and estimated by the weight of greater mesenteric, epididymal and perirenal fat ([@b20-mmr-22-04-2932]). The experimental procedure is presented in [Fig. 1](#f1-mmr-22-04-2932){ref-type="fig"}. All animals maintained good health throughout the experiment, with no need for early euthanasia.

### Blood biochemical analysis

Fasting blood glucose (FBG; cat. no. F006-1-1), fasting plasma TG (FTG; cat. no. A110-2-1) and fasting plasma non-esterified fatty acids (FFA; cat. no. A042-1-1) were detected using colorimetric assay kits (Nanjing Jiancheng Bioengineering Institute). Fasting plasma insulin (FINS; cat. no. MM-0587R1) and β-hydroxybutyrate (cat. no. MM-20814R1) were measured according to the manufacturers\' protocols of commercially available ELISA kits (Jiangsu Meimian industrial Co., Ltd.).

### Measurement of hepatic TG content and mitochondrial enzyme activities

The TG content in the liver was determined following lipid extraction using the Folch method ([@b21-mmr-22-04-2932]). The mitochondrial enzyme activities were measured as follows: A portion of liver tissue was homogenized in ice-cold buffer containing 175 mM KCl, 10 mM glutathione and 2 mM EDTA at pH 7.4. The homogenized extracts were centrifuged at 18,000 × g for 5 min at 4°C and the supernatants were transferred to new tubes. Succinate dehydrogenase (SDH; cat. no. K660-100) and cytochrome c oxidase (COX; cat. no. K287-100) activities were measured at 37°C using commercially available kits according to the manufacturers\' instructions (BioVision, Inc.). β-hydroxyacyl-CoA dehydrogenase (HADH) activity was determined at 37°C using the reaction media containing 0.1 M triethanolamine-HCl, 5 mM EDTA, 0.45 mM NADH and 0.1 mM acetoacetyl-CoA at pH 7.0 ([@b22-mmr-22-04-2932]). Enzyme activity was assayed spectrophotometrically using the Tecan Microplate Reader (Infinite M200; Tecan Group, Ltd.).

### Hematoxylin and eosin (H&E) and Oil Red O staining

For H&E staining, the liver tissue was fixed with 4% paraformaldehyde for 48 h at room temperature, dehydrated with an ascending alcohol series, made transparent in xylene at room temperature and embedded in paraffin. Subsequently, the samples were cut into 12-µm thick cross sections using a rotary microtome (Leica Microsystems GmbH). The sections were washed with xylene at room temperature, rehydrated using a descending alcohol series and stained with hematoxylin (Sigma-Aldrich; Merck KGaA) for 15 min at room temperature. Subsequently, the sections were washed with water for 10 min, immersed in 0.2% hydrochloric acid alcohol for 3--5 sec, washed with water for another 10 min and then stained with 1% eosin (Sigma-Aldrich; Merck KGaA) for 1 min at room temperature. Following the staining, the sections were dehydrated with an ascending alcohol series, washed with xylene and mounted with neutral balsam (Beijing Solarbio Science & Technology Co., Ltd.).

For Oil Red O staining, the liver tissue was fixed in 4% paraformaldehyde for 48 h at room temperature, rinsed with 0.1 M PBS for 10 min at room temperature, dehydrated with an ascending sucrose series at 4°C, embedded in OCT-freeze medium (cat. no. 4583; Sakura Finetek USA, Inc.) and sectioned in 12-µm thick sections using a freezing microtome (Leica Microsystems GmbH). Subsequently, the sections were washed with deionized water 3 times for 30 sec each, stained with a working solution of 0.3% Oil red O (cat. no. O0625; Sigma-Aldrich; Merck KGaA) at room temperature for 30 min, rinsed with water for 10 min and then mounted with glycerol gelatin (Sigma-Aldrich; Merck KGaA). Stained sections were visualized using a light microscope (magnification, ×100 and ×200; LEICA DM750; Leica Microsystems GmbH).

### Reverse transcription-quantitative PCR (RT-qPCR)

The mRNA expression levels of PPARα, PPARβ, PGC-1α, PGC-1β, SREBP-1c, ChREBP, CPT1α, acyl-CoA carboxylase 1(ACCα) and PDK4 were detected in the liver tissues using RT-qPCR (LightCycler^®^; Roche Diagnostic). Total RNA was extracted from 50 mg liver tissue using an RNA extraction reagent (cat. no. CW0580; CoWin Biosciences). Following spectroscopic quantification, cDNA was synthesized using 4 µl RNA template at the following conditions: 37°C for 15 min and 85°C for 5 sec using the PrimeScript^™^ RT reagent kit (cat. no. RR047A; Takara Bio, Inc.). Subsequently, 9.5 µl dH~2~O, 12.5 µl TB Green Premix Ex Taq buffer (2X), 0.5 µl forward primer (10 pmol/µl), 0.5 µl reverse primer (10 pmol/µl) and 2 µl cDNA were mixed based on the manufacturer\'s protocol of the TB Green Premix Ex Taq^™^ kit (cat. no. RR420A; Takara Bio, Inc.), and RT-qPCR was performed using the following conditions: Initial denaturation at 93°C for 2 min, followed by 40 cycles at 93°C for 15 sec, 55°C for 25 sec and 72°C for 25 sec. The primer sequences of each gene are listed in [Table SI](#SD1-mmr-22-04-2932){ref-type="supplementary-material"}. The Cycle Threshold values, which represented the cycle times when the fluorescence signal in each reaction tube reached the set threshold value, were calculated. The housekeeping gene GAPDH was used in order to normalize the expression levels for each gene of interest according to the mean cycle number. The 2^−ΔΔCq^ method was used to calculate the relative amounts of the target gene ([@b23-mmr-22-04-2932]).

### Western blotting

The liver tissues were lysed with a solution containing 150 mM NaCl, 5 mM EDTA, 50 mM Tri-HCl (pH 8.0), 1% NP 40, 1 mM aprotinin, 0.1 mM leupeptin and 1 mM pepstatin. The solution was centrifuged at 4°C at 18,000 × g for 30 min. The supernatants were collected and the protein concentration in the homogenates was measured using the Bradford method ([@b24-mmr-22-04-2932]). Subsequently, 30 µg protein/lane was separated using 10% SDS-PAGE, transferred to nitrocellulose membranes, blocked in 5% skimmed milk for 1 h at room temperature, incubated with the primary antibodies overnight at 4°C and then incubated with secondary antibodies for 2 h at room temperature. The primary antibodies used were as follows: Anti-akt (1:200; cat. no. sc-5298; Santa Cruz Biotechnology, Inc.), anti-phosphorylated (p)-Akt ser473(1:1,000; cat. no. AF887; Bio-Techne Ltd.), anti-S6 (1:200; cat. no. sc-8418; Santa Cruz Biotechnology, Inc.), anti-p-S6 (1:200; cat. no. sc-54279; Santa Cruz Biotechnology, Inc.) and anti-GAPDH (1:3,000; cat. no. CW0100M; CoWin Biosciences, Inc.). The fluorescent secondary antibodies were as follows: IRDye 680LT-conjugated anti-rabbit (red; 1:20,000; cat. no. 925-68021; LI-COR Biosciences) and IRDye 800-conjugated anti-mouse secondary antibody (green; 1:20,000; cat. no. 925-32212; LI-COR Biosciences). The membrane bands were scanned and assessed using the LI-COR Odyssey infrared imaging system (LI-COR Biosciences). The expression levels were analyzed using LI-COR Odyssey application software (version 3.0.30; LI-COR Biosciences).

### Statistical analysis

One-way ANOVA followed by Bonferroni post hoc test was performed for any intergroup differences. All of the analyses were performed using the SPSS 21.0 software (IBM Corp.). Data are presented as the mean ± standard error. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Exercise but not rapamycin reduces TG content in the liver of HFD rats

Compared with the N group, the visceral fat weight was significantly increased in the H group ([Fig. 2B](#f2-mmr-22-04-2932){ref-type="fig"}). HER rats exhibited significantly lower body weight and visceral fat compared with the H rats ([Fig. 2A-C](#f2-mmr-22-04-2932){ref-type="fig"}). However, exercise and rapamycin exhibited no significant effects on the levels of blood biochemical parameters ([Table SII](#SD1-mmr-22-04-2932){ref-type="supplementary-material"}). Histological analysis and biochemical measurements indicated significant lipid deposition in the rats of the H group compared with rats in the N group. In contrast, compared with the H group, lipid deposition was markedly reduced in the HE group. Compared with the HR group, lipid deposition was markedly reduced in the HER group. These results indicated that exercise can reduce lipid deposition ([Fig. 3](#f3-mmr-22-04-2932){ref-type="fig"}).

In the glucose tolerance test, the serum glucose concentration was significantly increased in the H, HR and HER groups compared with the N group ([Fig. 4A](#f4-mmr-22-04-2932){ref-type="fig"}). Compared with the H group, the serum glucose concentration was markedly reduced in the HE group, while increased in the HR and HER groups. Compared with the HE group, the serum glucose concentration was increased in the HR and HER groups. In the insulin tolerance test, the fold-change of serum glucose concentration was significantly increased in the H, HR and HER groups compared with the N group ([Fig. 4B](#f4-mmr-22-04-2932){ref-type="fig"}). Compared with the H group, the fold change of serum glucose concentrations in the HE group was significantly reduced. Compared with the HE group, the fold change of serum glucose concentrations in the HR and HER groups were significantly increased. These results indicated that exercise significantly alleviated glucose intolerance and insulin intolerance, while rapamycin not only increased glucose intolerance, but also impaired exercise-induced improvement of glucose intolerance and insulin intolerance ([Fig. 4](#f4-mmr-22-04-2932){ref-type="fig"}).

### Effects of exercise and rapamycin on mitochondrial enzyme activities

Exercise increased the activities of COX and HADH, but not those of SDH, in the liver of HFD rats compared with the N group. In addition, compared with the H group, rapamycin significantly reduced COX activity, while it exhibited no effects on the activities of SDH and HADH in the liver tissues of HFD rats ([Fig. 5](#f5-mmr-22-04-2932){ref-type="fig"}).

### Effects of exercise and rapamycin on the expression levels of energy metabolism genes in the liver

The mRNA expression of PGC-1α in the HER group was significantly increased compared with the N and H groups. Moreover, hepatic PPARβ mRNA expression was significantly reduced in the H, HR, and HER groups compared with the N group, and hepatic PGC-1β mRNA expression was significantly increased in the HE group compared with the N and H group. Rapamycin administration alone did not affect PGC-1α, PGC-1β, PPARα, PPARβ, SREBP-1c, ChREBP, CPT1α, ACCα and PDK4 mRNA expression levels ([Fig. 6](#f6-mmr-22-04-2932){ref-type="fig"}) in fasting HFD rats with exercise or without exercise.

### Rapamycin inhibits hepatic mTORC1 activity

mTORC1 is sensitive, while mTORC2 is insensitive to the inhibition of their activity caused by rapamycin ([@b5-mmr-22-04-2932]). However, it has been reported that long-term exposure to rapamycin can inhibit mTOR2 ([@b25-mmr-22-04-2932]). To examine whether rapamycin could inhibit liver mTORC1 and mTORC2 activity, the phosphorylation levels of S6 (a marker of mTORC1 pathway activity) were measured. In addition, the phosphorylation of the ser473 site of Akt (a specific phosphorylation site of mTORC2) was assessed. Compared with the N group, the p-S6/S6 but not p-Akt/Akt ratio was significantly increased in the H group. Compared with the H group, the p-S6/S6 but not p-Akt/Akt ratio was significantly decreased in the HE, HR and HER groups. The results indicated that exercise and rapamycin significantly reduced the p-S6/S6 ratio without affecting p-Akt/Akt ratio in the liver tissues of HFD rats ([Fig. 7](#f7-mmr-22-04-2932){ref-type="fig"}).

Discussion
==========

It has been reported that mTORC1 participates in the development of obesity-related insulin resistance. For instance, mTORC1 is overactivated in the liver of obese rats ([@b26-mmr-22-04-2932]), while genetic inactivation of mTORC1 activity or acute rapamycin administration improves insulin sensitivity and alleviates hyperglycemia ([@b19-mmr-22-04-2932],[@b27-mmr-22-04-2932]). However, chronic rapamycin administration (\>2 weeks) may induce a diabetic-like syndrome, such as insulin resistance, glucose intolerance and dyslipidemia ([@b16-mmr-22-04-2932]). In contrast to these findings, it has been shown that long-term administration of rapamycin exerts beneficial metabolic effects in diet-induced obese mice ([@b28-mmr-22-04-2932]). Previous studies have also reported different effects of rapamycin on insulin sensitivity depending on the dose, route, frequency and time period of rapamycin administration ([@b24-mmr-22-04-2932],[@b29-mmr-22-04-2932]--[@b31-mmr-22-04-2932]). Moreover, the status of islet function is an important factor affecting insulin sensitivity caused by rapamycin in experimental animal models ([@b32-mmr-22-04-2932]). Prolonged treatment with rapamycin results in the inactivation of both mTORC1 and mTORC2, which may be a cause of rapamycin-aggravated glucose intolerance and insulin resistance ([@b25-mmr-22-04-2932]). The results of present study were in line with previous reports ([@b18-mmr-22-04-2932],[@b19-mmr-22-04-2932],[@b33-mmr-22-04-2932],[@b34-mmr-22-04-2932]), demonstrating that mTORC1 was overactivated in the liver tissues of HFD rats and that both exercise and rapamycin treatment (2 weeks) effectively reduced hepatic mTORC1 activity without altering basal hepatic mTORC2 activity in HFD rats. It was found that rapamycin administration protected against obesity without affecting biochemical parameters including FBG, FFA, FTG and FINS, whereas it aggravated glucose intolerance and failed to suppress hepatic lipid deposition in HFD rats. Furthermore, exercise reduced visceral fat/body weight and hepatic lipid deposition, as well as improved glucose intolerance and insulin intolerance. Exercise combined with rapamycin administration also reduced body weight and visceral fat in HFD rats, while rapamycin impaired the exercise-induced improvement of glucose intolerance and insulin intolerance.

Mitochondrial dysfunction is an important cause of insulin resistance and of the development of metabolic disorders ([@b35-mmr-22-04-2932]). Previous studies have reported that the decreased activity and increased acetylation of CPT1α, along with the repression of PPARγ activity by tafazzin, impair mitochondrial size and function, resulting in the development of insulin resistance and metabolic dysregulation ([@b11-mmr-22-04-2932],[@b36-mmr-22-04-2932]). mTOR is also essential for maintaining mitochondrial function and energy balance ([@b37-mmr-22-04-2932],[@b38-mmr-22-04-2932]). The present results demonstrated that rapamycin did not affect hepatic HADH activity (fatty acids β-oxidation), SDH activity and the mRNA expression levels of CPT1α, ACCα and PDK4, while it impaired exercise-induced hepatic COX activity (oxidative phosphorylation of mitochondria) in fasting HFD rats. The findings also indicated that rapamycin damaged mitochondrial oxidative capacity in HFD rats with or without exercise, which may contribute to rapamycin-aggravated glucose intolerance and insulin resistance, as well as counteract the effects of exercise on glucose tolerance and insulin tolerance.

In mammalian systems, PPARs, PGC-1α and PGC-1β serve critical roles in the modulation of mitochondrial oxidation ([@b39-mmr-22-04-2932]--[@b41-mmr-22-04-2932]), while transcription factors, such as SREBP-1c and ChREBP drive hepatic lipogenesis ([@b42-mmr-22-04-2932],[@b43-mmr-22-04-2932]). PPARα is the key regulator of hepatic fatty acid β-oxidation and PPARβ indirectly modulates hepatic gluconeogenesis by regulating the expression of forkhead box-containing protein O subfamily-1 ([@b39-mmr-22-04-2932],[@b42-mmr-22-04-2932]). PGC-1α induces hepatic gluconeogenesis, whereas PGC-1β is restricted to the maintenance of basal mitochondrial function and exerts dual roles in regulating fatty acid metabolism ([@b40-mmr-22-04-2932],[@b44-mmr-22-04-2932]). The results of the present study indicated that HFD downregulated hepatic PPARβ gene expression, which may favor hepatic gluconeogenesis. In addition, exercise upregulated PGC-1α and PGC-1β mRNA expression levels in HFD rats, which may contribute to the reduction of liver TG levels via gluconeogenesis and fatty acid metabolism ([@b44-mmr-22-04-2932]).

It has been reported that mTOR is critical in the regulation of lipid and glucose metabolism in the liver ([@b12-mmr-22-04-2932],[@b14-mmr-22-04-2932],[@b44-mmr-22-04-2932],[@b45-mmr-22-04-2932]). For instance, inhibition of hepatic mTORC1 activity is required for fasting-induced hepatic PGC-1α and PPARα upregulation ([@b14-mmr-22-04-2932]). In addition, mTORC1 upregulates SREBP-1c and ChREBP transcriptional activity ([@b12-mmr-22-04-2932],[@b45-mmr-22-04-2932],[@b46-mmr-22-04-2932]). Despite this evidence, the present results demonstrated that rapamycin administration alone caused no effects on fasting hepatic PGC-1α, PGC-1β, PPARα, PPARβ, SREBP-1c and ChREBP mRNA expression levels in HFD rats, which may be associated with the dosage and time course of rapamycin treatment. However, there are several other important genes for hepatic metabolism and adipogenesis, such as PPARγ and fatty acid binding protein 4 (FABP4). A previous study revealed that the decreased activity of PPARγ led to insulin resistance and metabolic dysregulation ([@b11-mmr-22-04-2932]). It has also been shown that high-intensity exercise significantly increases serum concentrations of FABP4 secreted by adipocytes via β-adrenergic mediated lipolysis ([@b47-mmr-22-04-2932]). Moreover, adiponectin supplementation in pregnant mice prevents maternal obesity-associated fetal overgrowth by improving insulin resistance and restoring normal mTORC1 signaling ([@b48-mmr-22-04-2932]). Therefore, the lack of detection of these genes in the model established in the present study was a limitation.

In conclusion, the present results indicated that chronic rapamycin administration reduced COX activity, while it exhibited no effects on the reduction of TG levels following exercise and on the upregulation of the mitochondrial metabolic gene expression in the liver tissues of HFD rats. The results suggested that exercise reduced TG content and upregulated mitochondrial metabolic gene expression in the liver of HFD rats, which may not be mediated via the mTOR pathway.
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![A schematic diagram of the experimental procedure. The 1st to 6th week was the high-fat diet modeling period, the 7th week was the adaptive training period, the 8th to the 11th week was the exercise training period and the 10th to 11th week was the rapamycin injection period. HFD, high-fed diet.](MMR-22-04-2932-g00){#f1-mmr-22-04-2932}

![Body weight and visceral fat changes. (A) Body weight of each group. (B) Visceral fat weight of each group. (C) Ratio of visceral fat weight to body weight in each group. Data are presented as the mean ± SE for n=4--6 rats. \*P\<0.05 vs. N group; ^\#^P\<0.05 vs. H group. N, normal; H, HFD rats with sedentary; HFD, high-fed diet; E, exercise; R, rapamycin.](MMR-22-04-2932-g01){#f2-mmr-22-04-2932}

![Histological tests and TG content test in the liver. (A) H&E staining. Scale bar, 100-µm. (B) Oil red O staining. Scale bar, 200-µm. (C) Hepatic TG content test. Data are presented as the mean ± SE for n=4-6 rats. \*P\<0.05 vs. N group; ^\#^P\<0.05 vs. H group; ^&^P\<0.05 vs. HR group. H&E, hematoxylin and eosin; N, normal; H, HFD rats with sedentary; HR, HFD rats with rapamycin; HFD, high-fed diet; E, exercise; TG, triglyceride.](MMR-22-04-2932-g02){#f3-mmr-22-04-2932}

![Glucose tolerance and insulin tolerance tests. (A) Glucose tolerance test. (B) Insulin tolerance tests. Data are presented as the mean ± SE for n=4 rats. \*P\<0.05 vs. N group; ^\#^P\<0.05 vs. H group; ^&^P\<0.05 vs. HE group. N, normal; H, HFD rats with sedentary; HE, HFD rats with exercise; HFD, high-fed diet; E, exercise; R, rapamycin.](MMR-22-04-2932-g03){#f4-mmr-22-04-2932}

![Hepatic mitochondrial enzyme activities in rats fed N chow or HFD, with or without E following R administration. Data are presented as the mean ± SE for n=4-6 rats. \*P\<0.05 vs. N group. ^\#^P\<0.05 vs. H group. N, normal; H, HFD rats with sedentary; HFD, high-fed diet; E, exercise; R, rapamycin; SDH, Succinate dehydrogenase; COX, cytochrome c oxidase; HADH, β-Hydroxyacyl-CoA dehydrogenase.](MMR-22-04-2932-g04){#f5-mmr-22-04-2932}

![Gene expression levels associated with energy metabolism in the liver tissues of rats fed N chow or HFD with or without E following R administration. Data are presented as the mean ± SE for n=4-6 rats. \*P\<0.05 vs. N group; ^\#^P\<0.05 vs. H group. N, normal; H, HFD rats with sedentary; HFD, high-fed diet; E, exercise; R, rapamycin; PGC, peroxisome proliferator-activated receptor γ coactivator; PPAR, peroxisome proliferator-activated receptor; SREBP, sterol regulatory element binding protein; ChREBP, carbohydrate-response element-binding protein; CPT1α, carnitine palmitoyl transferase1α; ACCα, acyl-CoA carboxylase 1; PDK4, pyruvate dehydrogenase kinase 4.](MMR-22-04-2932-g05){#f6-mmr-22-04-2932}

![Effects of E and R administration on hepatic mTOR activity. Phosphorylation levels of S6 represent mTORC1 pathway activity, while the phosphorylation levels of the ser473 site of Akt represent mTORC2 pathway activity. Data are presented as the mean ± SE for n=4-6 rats. \*P\<0.05 vs. N group; ^\#^P\<0.05 vs. H group. N, normal; H, HFD rats with sedentary; HFD, high-fed diet; E, exercise; R, rapamycin; p-, phosphorylated; S6, ribosomal protein S6; mTORC, rapamycin-sensitive mTOR complex.](MMR-22-04-2932-g06){#f7-mmr-22-04-2932}
